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Abstract 
The environmental impacts analyses for the production of microalgal biomass include four key performance 
indicators: energy, water, carbon and land footprints. This work presents a life cycle optimization (LCO) model for 
microalgae production, taking into account these criteria for assessing different cultivation methods and carbon 
sources. The LCO model is formulated as a multiple objective linear program (MOLP), which is then solved to 
determine the Pareto optimal solutions. A hybrid approach is then developed where the analytic hierarchy process 
(AHP) is integrated for determining the weights of the environmental output criteria. This approach enables a unique 
optimum to be determined for the microalgae system. 
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1. Introduction 
Among biofuel feedstocks, algae stand as the most promising source for biofuel production based on 
its fast growth rate as well as fuel production equivalent per hectare and high yield [1]. Although biofuel 
is potentially CO2 neutral the adverse environmental impacts of biomass production cannot be ignored.  In  
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the case of algal biomass, technologies for production need to be assessed based on environmental 
impacts such as energy, water, carbon and land footprints [2]. This paper presents a life cycle 
optimization (LCO) model for microalgae production, taking into account different cultivation methods 
and carbon sources. Two types of microalgae cultivation system, open pond and photobioreactor (PBR); 
and two different carbon sources, including starch and cellulose are used in this study. 
2. Methodology 
Life cycle assessment (LCA) is a quantitative tool for analyzing the impacts related to a product or 
process from the initial stage of raw material input to the end of life of the product [3].  Fig. 1 shows the 
overall system boundary for the biofuel production via microalgae cultivation. One ton of biofuel is 
defined as the functional unit. from the system consists of the following main steps: (a) microalgae 
cultivation process; (b) algae dewatering and (c) algae drying. The dried biomass algal is then preceded to 
lipid extraction and transesterification reactor for the biofuel production; however, the latter phase is 
excluded from the system boundary in this work. 
 
 
 
 
 
 
 
Fig. 1:  Overall system boundary for biofuel from microalgae cultivation [4] 
 
The environmental performance indicators can be further integrating into system optimization in order 
to assess the minimum impact of the system [5]. In generally, the approach for incorporating LCA into 
system optimization comprises of three main steps, which are: performing LCA study, then formulation 
of multi-objective optimization problem in the LCA context; and finally performing the multi-objective 
optimization and choose for the best compromise solution [6].  
 
 The life cycle optimization (LCO) model is formulated as a multiple objective linear program 
(MOLP), which is able to determine the Pareto optimal solutions (Fig. 2). A hybrid approach is developed 
where the analytic hierarchy process (AHP) is integrated for determining the weights of the 
environmental output criteria. The overall model is: 
 
minimize f(x) = g*)g(w 1T -
&&
                     (1) 
Ax = y                 (2) 
Bx = g                 (3) 
 
where w is the weight vector for the environmental impact indicator obtained using AHP approach, 
change of 1*)( g& serves to normalize impact scaling relative to the worst alternative. A is the technology 
matrix, y is the net output vector, and x is the gross output or scaling vector. Negative and positive values 
in each process column denote inputs and outputs, respectively. Eq. (1) indicates the overall material and 
energy balance for each of the processes, which can be scaled up or down by the scaling vector, x. 
Meanwhile, Eq. (2) exhibits the environment input to the process matrix, where B is the intervention 
matrix and g is the total value of the environmental footprint.  
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Fig. 2: Modelling framework 
 
Major process and its matrix representations in the system can be shown in Fig. 3 with material and 
energy data obtained from literature resources [4, 7, 8, 9, 10 and 11]. Note that zeroes indicate non-
existent streams at the respective process.  
 
 
 
 
 
 
 
 
 
 
Fig.3: Example of column vector representative of a process  
  
   
  The total environment output of the technology is compared to identify the best option alternative as 
shown in Table 1. The highlighted data shows the worst scenarios that indicate as 1*)( g& in the 
optimization function to normalize the output data. From the base case results, open pond cultivation 
system is chosen as the best technology as it has the lowest environment impacts. The base case is 
optimized by integrating the AHP weight to determine the environment output and best solution 
technology (Table 2). PBR is selected as the best technology option based on these weights (Fig. 4). 
 
Table 1: Summary of environmental output for each process option 
 
Environmental Output Open Pond PBR Fermenter (starch) Fermenter (Cellulose) 
Energy (kWh) 16,880.98 17,768.65 39,648.30 24,377.46 
CO2 (t) 6.34 6.70 16.87 9.72 
Water (t) 12,627.24 13,278.8 30,906.31 18,237.31 
Land (m2y) 269.03 201.78 252.94 217.23 
 
 
Table 2: Hybrid AHP optimum solution 
 
Environmental Output AHP weight Normalized Value  PBR 
Energy  0.195 0.448 17,762.44 kWh 
CO2  0.432 0.397 6.69 t 
Water  0.195 0.429 13,258.8 t 
Land  0.177 0.750 201.77 m2y 
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Fig. 4: Best Technology Option for Biodiesel Production-PBR  
 
3. Conclusion 
In this paper an integrated methodology has been developed for selecting the best technology option 
for cultivation system of microalgae. AHP is used to identify the environmental criteria weights, which 
are then utilized within a multiple objective linear program (MOLP) input-output model with the energy, 
carbon dioxide, water and land usage footprints limits. area case study is solved to illustrate the 
application of the modeling framework.  
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